ABSTRACT Genes for nematode resistance have been introduced into sugar beet (Beta vulgaris) from wild beets of the section Procumbentes. Resistant material carries wild beet chromatin which varies in size either in the form of extra chromosomes (monosomic addition lines) or as translocations from a wild beet chromosome. Since all the lines available suffer from poor transmission rates of the resistance gene, projects have been started to clone the genes with ultimate transfer to susceptible sugar beet. Due to a high degree of DNA polymorphism between cultivated and wild beet, markers flanking the gene have been isolated which hybridize exclusively with wild beet DNA. These probes display homology to repetitive sequences equally dispersed around the wild beet genomes. They have been employed in a marker-assisted selection approach for identifying resistant individuals among segregating progenies. Moreover, they serve as starting points for cloning the responsible genes. A and YAC (yeast artificial chromosome) clones have been selected representing ca. 82 % of the resistance carrying translocation and offer the possibility of cloning the genes in the near future.
Sugar beet (Beta vulgaris) is highly susceptible to the beet cyst nematode (Heterodera schachtii Schm.). Resistance genes from the three wild species of the Beta section IV (B. procumbens Smith, B. patellaris Moquin, B. webbiana Moquin) have been introduced into sugar beet breeding lines via species hybridization and backcrossing. The resistant material available can be classified as follows: (1) monosomic addition lines (2n = 19) which contain the original wild beet chromosome (Lbptien, 1984a; Speckmann and de Bock, 1982; de long et aI., 1985; Speckmann et aI., 1985) or a chromosome frag ment housing a resistance gene (de long et aI., 1986; lung and Wricke, 1987; Brandes et aI., 1987) and (2) diploid sugar beets (2n = 18) which carry a translocation from the wild beet chromosome. The latter ones are used as introduction lines for sugar beet breeding (Yu, 1981; Yu, 1983; Heijbroek et aI., 1983; Yu, 1984; lung and Wricke, 1987; Hei jbroek et aI., 1988) . Since the agronomic performance of these lines is poor and the transmission rates for nematode resistance genes are low due to meiotic disturbances (Brandes et aI., 1987) , attempts have been made to isolate the genes for transfer into susceptible sugar beet lines of high breeding value.
The cloning strategy is based on three major genome analysis techniques that have been developed during the past 10 years: pulsed field gel electrophoresis (PFGE; Schwartz and Cantor, 1984) , which allows separation of very high molecular weight (HMW) DNA; the polymerase chain reaction (PCR, Erlich et aI., 1988) ; and yeast ar tificial chromosome vectors (YACs, Burke et aI., 1987) for cloning of large DNA molecules in the range between 100 and 1000 kb. These techniques, in combination with high density linkage maps based on RFLP or RAPD markers, have been utilized in map-based cloning of genes of which no gene product could be identified (Arondel et aI., 1992) . As for the nematode resistance genes in sugar beet, the cloning strategy chosen can be dissected into four steps: (i) the selec tion of single-copy and repetitive probes closely linked to the resistance genes in B. procumbens and B. patellaris from fragment addition lines or translocation lines (lung et aI., 1990; lung and Herrmann, 1991; lung et aI., 1992; Salentijn et aI., 1992) ; (ii) the construction of representative libraries, preferably with yeast artificial chromosomes (YACs) from appropriate resistant plant material; (iii) the use of wild beet-specific probes for map-based cloning of long coherent stretch es of DNA (contigs) using YAC vectors; and (iv) the identification of the resistance gene via genetic complementation of susceptible sugar beet using Agrobacterium rhizogenes vector systems. Here, we describe molecular markers located in the neighbourhood of the resistance gene, their use in marker assisted selection (MAS) of resistant individuals from segregating populations, and the isolation of A-and YAC-clones surrounding the gene. The future strategy for cloning and identifying the gene is discussed.
MATERIALS AND METHODS
Plant Material. Progenies from monosomic addition lines were tested for nematode resistance (Toxopeus and Lubberts, 1979) and checked cytologically (Butterfass, 1963) . The nematode-resistant lines are listed in Table 1 . Populations segregating for nematode resistance were produced by selfing individual F] plants heterozygous for the resistance gene. The sizes ofthe wild beet chromosome segments were cytologically estimated. Different sugar beet accessions and the wild species were used as controls.
DNA Preparation and Vectors. Total DNA was extracted from leaves as described (lung et aI., 1990) . DNA from the fragment addition line PROI (Table 1) was cleaved with different restriction enzymes and cloned into the plasmid vector pBluescribe (Stratagene, Heidelberg, Germany). Colonies were hybridized with total 32P-Iabelled DNA from (Buluwela et aI., 1989) . Inserts of selected B. procumbens-specific plasmids were radio labelled by ran dom priming (Feinberg and Vogelstein, 1983) Sequence-Analysis, PeR-Analysis and Primers. Sequence analysis of clone pCE1757 was performed using the chain termination reaction (Sanger et aI., 1977) . PCR reactions were carried out in a total volume of 100 {tl with 1 {tg of template DNA, 0.5 {tM primers in 10 mM Tris HCI, pH 8.3, 50 mM KCI, 1.5 mM MgCI 2 , 0.01070 gelatine, 300 {tM each of dATP, dCTP, dGTP and dTTP and 2.5 units TAQ polymerase (Perkin-Elmer/ Cetus, Dberlingen, Germany) for 45 cycles of 94°C denaturation (l min), 48 °C annealing (45 sec) and noc extension (5 min) in an automated thermal cycler (Perkin-Elmer/Cetus, Dberlingen, Germany). Initial denaturation was for 4 min at 94°C. The PCR primer sequences used were: 21-3A, GATATAAGGGCT TCATATCCTTTA; 21-3B1, TAGCTCAAACTCAATTCAAATTAA. These primers represent the left and right end of the first 643 repeat in the plasmid clone pCE1757 specific for wild beet DNA.
Gel Electrophoresis and Southern Hybridization. Beta DNA was digested with HindIII and separated in 0.75% agarose slab gels. PCR products were visualized with ethidium bromide after electrophoresis in 1.5070 agarose gels. Size marker was the 1 kb ladder (BRL, Eg genstein, Germany). Southern transfer to B membranes was perform ed according to the manufacturer's protocol. Hybridizations were carried out at 60°C in 5 x Denhardt's solution, 5 x SSPE, 0.2% SDS, with herring sperm DNA (200 {tg/ ml). The filters were then washed with 0.5 x SSC, 0.2% SDS at 60°C. Membranes were rehybridized after stripping with 0.2 N NaOH at room temperature.
RESULTS

Isolation of DNA Probes Closely Linked to the Resistance Gene.
A set of nematode resistant, fragment addition lines, together with the translocation line A90600l, were used for selecting markers which are located in the proximity of the resistance gene ( Table 2 ). The probes were isolated either from shotgun-cloned plasmid libraries or by inter 643 peR technique (lung et al., 1992) using 643 derived primers for amplifying the sequence between each of two 643 repetitive units. The probe pRK643 proved to be of major interest for cloning of the gene. This probe represents a short, repetitive sequence which is exclusively present in the genomes of wild beets of section IV. Generally, these elements are dispersed around the genome; however, they can in part be tandemly arranged (lung et al., 1992) . After filter hybridization with restricted DNA from wild species, the repetitive elements display a complex banding pattern resulting in a smear. When probes for repetitive elements are used for hybridization with DNA of the resistant lines, a correlation between the complexi ty of the banding pattern and the size of the wild beet segment in troduced into the sugar beet genome was obvious (Fig. 1) . After hybridization with pRK643, PAT2 DNA displayed 13 bands compared to 29 bands in PAT4 and PRO!. Two bands were visible with DNA from the translocation line A906001 carrying the resistance gene from B. procumbens chromosome 1. Equivalent results were obtained with probe PCRlOI2. PAT4 and PROI displayed 34, PAT2 16 and A906001 5 bands, respectively, with the top bands corresponding to the pRK643-signals. Interestingly, the banding pattern between the PROI and PAT4 lines was indistinguishable even though both lines originated from different species. Sequence Analysis of Clone pCE1757. The clone pCE1757 displayed strong homology to the repetitive Sau3AI cloned probe pRK643 (Jung et aI., 1992) . This fragment was sequenced to check the relationship and arrangement of these dispersed repetitive elements. Figure 2 illustrates that the pCE1757 EcoRI fragment is 501 bp in size with a GC-content of 30070. It does not contain open reading frames nor inverted repeats and represents three tandemly arranged pRK643 copies with homology grades between 76% and 81 %. Of four Sau3AI sites (underlined) two are modified by point mutations. (Fig. 3A) . However, restriction analysis, agarose gel electrophoresis and Southern hybridization are needed for RFLP-based MAS. Therefore, a much easier procedure was developed based on thePCR technique. Using sequence information of the probe pCEl757, primers have been designed from both ends of the repeat unit. After PCR analysis and subsequent agarose gel electrophoresis, a DNA fragment in the size of 160 bp became visible with DNA of resistant plants only (Fig. 3B) .
Cloning Large Fragments from the Resistance Carrying Translocation. The probes outlined above were used for screening representative A and YAC libraries of the nematode resistant line A906001. Screening of the A906001 A library with probes pRK643 and PCR1571 resulted in the identification of 27 clones with an average insert size of 14.5 kb. The individual inserts were restricted with Eco RI and/or Xba I, separated by agarose gel electrophoresis and hybridized with labelled DNA of B. vulgaris or B. procumbens. The majority of fragments (53.7] either hybridzed exclusively with B. procumbens DNA or displayed differential homology, indicating that the cloned inserts originate from the B. procumbens translocation (Fig. 4A,B) .
In a second step, a representative YAC library recently established in our laboratory (Kleine et aI., in preparation) was screened with the wild beet specific probes. As a result, three YACs could be identified with insert sizes ranging between 50 and 160 kb (Fig. 5) . Again, the inserts were found to carry wild beet specific sequences which originate from the translocated segment. On the basis of restriction fingerprinting, 23 A-and three YAC-inserts could be arranged into three contigs (A, Band C) of overlapping inserts (Fig. 6) . Overlapping regions were established with at least two common restriction fragments. The repetitive elements were found to be more or less evenly distributed around the contigs. However, the smallest contig (C) did not contain any of the 643 repetitive elements. The total length of the three contigs was 248 kb. Four A-clones with a total length of 48 kb could not be integrated into any of the three contigs.
DISCUSSION
We have selected a set of probes closely linked to the nematode resistance gene from the B. procumbens chromosome 1. Due to the absence of chromosome pairing between wild beet and sugar beet chromosomes, no recombination mapping could be applied to create a high density linkage map around the gene. Therefore, chromosomal mutants carrying wild beet chromosome fragments of different sizes were used to localize probes around the gene. Due to the low degree of DNA homology between sugar beet and wild species of the sec tion IV (lung et aI., 1993) we selected repetitive probes exclusively hybridizing with wild beet DNA. Sequence analysis of one of these fragments (pCE1757) revealed dispersed, but also tandemly arrang ed 643 elements which accumulate point mutations consistent with the typical "ladder" pattern found after Southern hybridization of Sau3AI restricted Beta procumbens DNA (lung et aI., 1992) . These There is a good possibility of closing the gaps between the contigs and covering the translocation by one single contig. We are presently isolating sequences flanking the cloned YAC inserts. These probes will serve in identification of overlapping YACs. There is evidence that contigs A and C cover the translocation breakpoints, as revealed by B. vulgaris specific sequences flanking the contigs (Kleine et aI., in preparation). It is likely that contigs Band C are overlapping as evidenced by new single copy sequences from the flanking part of contig B. These data suggest that an uninterrupted contig can be established with one additional YAC insert cloned by the strategy outlined above. Finally, the coding sequence responsible for the resistant phenotype has to be characterized. Generally, three strategies may be distinguished: (1 ) the isolation of cDNAs homologous to parts of the contigs; (2) the characterization of non-methylated regions (htf islands), which are associated with 5' regions of transcriptionally active sequences; and (3) the identification of sequences which are conserved between species and which may be identified by differential Southern hybridization using DNA from related species like spinach. Experiments are underway to identify clones from a root cDNA library using the YAC inserts as probes. The final proof that the resistance gene has been cloned will be given by a genetic complementation test. The cDNAs will be cloned into binary plasmid vectors, under the transcriptional control of the 35S promoter with subsequent transformation of susceptible sugar beet. Hairy roots containing the cloned sequences will be tested for resistance against H. schachtii (Paul et aI., 1990) . If the gene can be identified in this way, there will be a chance to directly transfer it into susceptible sugar beet which is readily transformable with Agrobacterium mediated vector systems (Krens et aI., 1988; Lindsey and Gallois, 1990) . Furthermore, sequence information will provide insight into the function and regulation of nematode resistance genes.
